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ABSTRACT

A portion of those infected with SARS-CoV-2 shed the virus and its genetic material in respiratory fluids, saliva,
urine, and stool, thus giving the potential to monitor for infections via wastewater. Wastewater surveillance
efforts to date have largely assumed that stool shedding has been the primary source of SARS-CoV-2 RNA signal;
however, there are increasing questions about the possible contribution of other shedding routes, with implica-
tions for wastewater surveillance design and feasibility. In this study we used clinical SARS-CoV-2 RNA shedding
data and a Monte Carlo framework to assess the relative contribution of various shedding routes on SARS-CoV-2
RNA loads in wastewater. Stool shedding dominated total SARS-CoV-2 RNA load for community-level surveil-
lance, with mean contributions more than two orders of magnitude greater than other shedding routes. How-
ever, RNA loads were more nuanced when considering building-level monitoring efforts designed to identify a
single infected individual, where any shedding route could plausibly contribute a detectable signal. The greatest
source of model variability was viral load in excreta, suggesting that future modeling efforts may be improved by
incorporating specific modeling scenarios with precise SARS-CoV-2 shedding data, and beyond that wastewater
surveillance must continue to account for large variability during data analysis and reporting. Importantly, the
findings imply that wastewater surveillance at finer spatial scales is not entirely dependent on shedding via
feces for sensitive detection of infections thus enlarging the potential use cases of wastewater as a non-
intrusive surveillance methodology.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Individuals infected with severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) shed the virus and its genetic material in their
upper and lower respiratory fluids (Cevik et al., 2021), saliva (Wyllie

0048-9697/© 2021 Elsevier B.V. All rights reserved.
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et al., 2020), urine (Kashi et al., 2020), and stool (Cevik et al., 2021).
Since these excreta are frequently shed into domestic sewage, wastewa-
ter surveillance of SARS-CoV-2 RNA has emerged as a non-intrusive ap-
proach to monitor and manage coronavirus disease 2019 (COVID-19)
(Bivins et al., 2020; Fuschi et al., 2021; Lundy et al, 2021).
Community-level COVID-19 dynamics have been assessed (Fernandez-
Cassi et al., 2021) by measuring SARS-CoV-2 RNA in both raw sewage
(Agrawal et al., 2021; Li et al.,, 2021) and settled solids (Wolfe et al.,
2021) at wastewater treatment plants (WWTPs) of varying sizes
(Rusifiol et al., 2021). Monitoring wastewater from buildings has also
proven useful as an approach for managing COVID-19 at finer spatial
scales on college campuses (Betancourt et al., 2021; Harris-Lovett
et al.,, 2021), in schools (Crowe et al., 2021; Hassard et al., 2021), in
skilled nursing facilities (Spurbeck et al., 2021), and even on aircraft
and cruise ships (Ahmed et al., 2020b).

Normalization of SARS-CoV-2 RNA counts by various fecal markers
such as crAssphage (Wilder et al., 2021) or pepper mild mottle virus
(Graham et al., 2021; Wu et al., 2020) has been used to tune wastewater
data for correlation with COVID-19 cases. These approaches reflect an
assumption that SARS-CoV-2 RNA loading in domestic wastewater is
primarily driven by fecal shedding of SARS-CoV-2 RNA (Ahmed et al.,
2020a; Wannigama et al., 2021; Wolfe et al., 2021). However, a recent
study reporting near-source monitoring of wastewater from primary
and secondary schools raises the potential for other shedding routes
to contribute to the SARS-CoV-2 RNA load in wastewater (Gutierrez
et al,, 2021). Herein, we use SARS-CoV-2 shedding datasets from the
clinical literature along with a Monte Carlo framework to consider the
likely contribution of various shedding routes to the daily SARS-CoV-2
RNA load produced by infected individuals and a collection of infected
persons. The goal of our analysis is to consider the most probable source
of SARS-CoV-2 RNA in wastewater at both the population and building
level to further inform wastewater-based epidemiology.

2. Materials & methods

A Monte Carlo simulation was performed to assess the contribution
of four SARS-CoV-2 shedding routes, stool, urine, sputum, and saliva, on
the total viral load likely to be discharged to the sewer system. Monte
Carlo modeling allows for propagation of the uncertainty surrounding
the model inputs. Predictions therefore reflect the error associated
with the collected data, creating a useful model despite high variability.
Two models were created: a population model, which examines the
contribution of the different excreta from a population of infected per-
sons, and a single shedder model to examine the potential contributions
of shedding route combinations that are likely for infected individuals.

We surveyed available literature data of daily excreta production
values, concentration of SARS-CoV-2 RNA in bodily excreta, and the
prevalence of shedding SARS-CoV-2 RNA in bodily excreta. We used
the extracted data (Table S1) to parameterize probability distributions
for a Monte Carlo simulation. The resulting model parameter fittings
can be found in Table S2. For daily excreta production values, the distri-
butions were chosen from studies that included relevant populations
(e.g., healthy populations for urine and saliva production and popula-
tions with respiratory illnesses for sputum production) and a wide
range in values in order to be representative of the community. For
urine, we used the gamma distribution reported by Rauch et al.
(2003), for stool, the distribution reported by Rose et al. (2015), and dis-
tributions were assumed for sputum and saliva. For SARS-CoV-2 RNA
concentrations in bodily excreta, we fit distributions to data reported
in recent papers (Han et al., 2020; Jeong et al., 2020; Kashi et al., 2020;
Lescure et al., 2020; Pan et al., 2020; Roshandel et al., 2020; Wolfel
et al., 2020; Wyllie et al., 2020; Yoon et al., 2020; Zheng et al., 2020).
For SARS-CoV-2 prevalence of shedding, distributions were fit to data
reported in recent meta-analyses (Kashi et al., 2020; Khiabani and
Amirzade-Iranaq, 2021; Roshandel et al., 2020). With the exception of
the urine prevalence data, where the range of expected values was
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already reported in the paper, we used a weighted average to create a
truncated normal distribution to describe the prevalence data. The
fittings were conducted in RStudio Team (2020) using the ‘fitdistrplus’
package (Delignette-Muller and Dutang, 2015) using the Maximum
Likelihood Estimation method. When data was sparse a uniform distri-
bution was assigned.

The quantity of SARS-CoV-2 RNA shed to the sewer through urine,
sputum, and stool was calculated by multiplying the concentration of
SARS-CoV-2 RNA gene copies (GC per unit mass or volume) by the
quantity (volume or mass) of excreta shed to the sewer per day. The
quantity of SARS-CoV-2 GC shed to sewer through saliva was calculated
by multiplying the concentration of SARS-CoV-2 GC in saliva by the
number of tooth brushing events per day and by the amount of saliva
shed to the sewer system per event. For the population model, an addi-
tional term is included to account for the likelihood of shedding SARS-
CoV-2 GC associated with each route. This factor is the fraction of
COVID-19 patients who have positive detection of SARS-CoV-2 GC in
each excreta. For the single shedder model, four scenarios were consid-
ered. Case one examines a single person shedding in saliva and sputum
alone, case two examines a person shedding in saliva, sputum, and
urine, case three represents a person shedding in saliva, sputum, and
stool, and case four represents a person shedding in saliva, sputum,
stool, and urine. The total viral load in each case was calculated by
adding the respective SARS-CoV-2 GC from each shedding route. Each
model parameter was described as a distribution to propagate uncer-
tainty and variation into the final estimates. A Monte Carlo simulation
with 10,000 samplings drawn at random from the inputted parameters
was used to perform the calculation.

3. Results and discussion
3.1. Population model

When considering wastewater-based epidemiology as a useful tool
for monitoring COVID-19 in a community, the often-made assumption
is that the primary contributor to the load of SARS-CoV-2 RNA in waste-
water is stool. However, per current estimates, only about 40% of in-
fected individuals excrete SARS-CoV-2 in stool (Roshandel et al.,
2020). The likelihood of excreting in respiratory fluids is higher
(~80%) (Khiabani and Amirzade-Iranaq, 2021), and while the likelihood
of excreting in urine is lower (~1%) (Kashi et al., 2020), the volume of
urine discharged to the sewer can be large compared to other body
fluids. The goal of the population model is to examine the contribution
of SARS-CoV-2 RNA to a common sewer system from an idealized pop-
ulation of 1000 infected individuals in order to determine which shed-
ding route contributes the most RNA. Saliva contributes 8.05 logio
SARS-CoV-2 GC (25th-75th: 6.86-11.52), sputum contributes 7.92
log10 SARS-CoV-2 GC (25th-75th: 6.58-9.03), urine contributes 8.15
log1o SARS-CoV-2 GC (25th-75th: 7.07-9.18), and stool contributes
10.55 log;o SARS-CoV-2 GC (25th-75th: 9.27-11.79). The results of the
population model are presented in Fig. 1 and the percentile values in
Table S2. The similarity of the resulting cumulative distributions was
assessed using the Kolmogorov-Smirnov test, and there was a signifi-
cant difference between stool and all other excreta (Saliva: D = 0.42,
p < 0.0001; Sputum: D = 0.46, p < 0.0001; Urine: D = 0.41,
p < 0.0001).

Despite lower shedding prevalence than respiratory fluids, the
model output supports the assumption that stool dominates the RNA
load in wastewater for community shedding. While the concentration
of SARS-CoV-2 RNA in stool is comparable to respiratory fluids, the
volume of stool produced to the sewer system per day is orders of
magnitude higher than respiratory fluids, a contributing factor to the
significant difference in viral load between saliva and sputum compared
with stool. Additionally, while the volume of urine excreted to the sewer
is high and comparable on an order of magnitude level with stool, the
prevalence of shedding SARS-CoV-2 RNA in urine is much lower.
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Fig. 1. Daily viral load of SARS-CoV-2 produced to a sewer system by a population of 1000

SARS-CoV-2 infected individuals stratified by shedding route. The dotted vertical line
represents the mean.
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While stool dominates population-level SARS-CoV-2 RNA loading,
non-stool sources still contribute meaningful SARS-CoV-2 RNA signal
to wastewater. This result is robust even when the number of infected
individuals is decreased (Fig. S1), suggesting that stool shedding domi-
nates community-level SARS-CoV-2 wastewater monitoring efforts
even as total infections decrease. However, besides community level
surveillance, many efforts have focused on building level surveillance
with the goal of detecting small numbers or single infected individuals.
To evaluate this use case, we created a “single shedder” model to exam-
ine the contribution of shedding routes on a building-level scale, model-
ing individuals separately who excrete SARS-CoV-2 via a unique
combination of routes.

3.2. Single shedder

For the single shedder model, we focus on examining the probable
contributions of saliva, sputum, stool, and urine in four different scenar-
ios. The primary goal of this analysis is to assess the relative contribution
of different shedding routes for detection of a single infected individual,
e.g. for building-level surveillance. While there are a total of 16 possible
shedding route combinations, we selected four as examples to interro-
gate the relative contribution of different shedding pathways. The
results of all single shedder cases are presented in Fig. 2 and the percen-
tile values in Table S3.
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Fig. 2. Percent contribution and Log;oGC SARS-CoV-2 contribution of shedding pathways to total SARS-CoV-2 viral load to sewer per day. A. represents an individual shedding in saliva and
sputum alone, B. represents an individual shedding in saliva, sputum, and urine, C. represents an individual shedding in saliva, sputum, and stool, and D. represents an individual shedding
in saliva, sputum, stool, and urine.
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Case one assumes a single individual infected with COVID-19 shed-
ding SARS-CoV-2 in saliva and sputum. This scenario was premised on
the observation that there is a higher likelihood of observing SARS-
CoV-2 RNA shedding in both sputum and saliva than either urine or
stool (Table S1). As shown in Fig. 2A, for case one there is an almost
equal proportion of SARS-CoV-2 RNA shed into the sewer system from
saliva and sputum, as their total log;o SARS-CoV-2 GC averages con-
verge at approximately 5 log; and the distributions nearly overlap.
This is due to the similar ranges of SARS-CoV-2 GC found in either ex-
creta as well as the similar modeled volumes of either excreta shed
into the sewer system each day.

For cases two and three, we assume that an individual sheds SARS-
CoV-2 genome copies in either urine or stool, Figs. 2B and C respectively,
in addition to both saliva and sputum. Our results suggest that both
urine and stool yield a much larger percent contribution of the RNA
shed into the sewer system than either sputum or saliva alone, specifi-
cally yielding total daily mean shedding of 7 and 8 log;o SARS-CoV-2
GC, respectively, when an individual with COVID-19 sheds either
excreta in addition to saliva and sputum. This is explained by a larger
daily production of urine and stool as shown in the distributions in
Table S1 despite similar concentrations of GCs per quantity of excreta
produced for the case of stool and a lower genome copies concentration
for the case of urine.

Finally, case four assumes an individual shedding SARS-CoV-2 RNA
in all four excreta (Fig. 2D). In case four, stool is the highest contributor
to daily SARS-CoV-2 RNA load. However, urine also contributes a high
amount of SARS-CoV-2 RNA. The urine probability density function
overlaps the distribution observed for stool and can, at the distribution
limits, result in a higher percentage contribution than stool. This is
due to the fact that, despite the aforementioned lower concentration
of the SARS-CoV-2 RNA per volume of urine, the volumetric amount of
urine produced daily is likely to be greatest, by several orders of magni-
tude, compared to the other three excreta. For example, the general
range of daily urine production shed to the sewer system is roughly
1-2L (Rose etal, 2015) compared to sputum (0.01 - 1 mL) and saliva
(1-3mL).

The individual single shedder model indicates that in a scenario such
as a building with only a few infected individuals, any of the four cases
analyzed show potential for contributing detectable SARS-CoV-2 RNA to
the sewer system. Thus, at the building level the primary contribution of
SARS-CoV-2 GCs found in the sewer system may originate from any of
the four shedding routes examined. However, when all four excreta
contribute to SARS-CoV-2 GC shed into a sewer system (case four),
stool is the most probable primary contributor by one order of magni-
tude on average. This is in contrast to the population model, where
stool dominates the average total log;q SARS-CoV-2 GC contribution
by nearly three orders of magnitude compared to the other shedding
routes when the likelihood of excreting SARS-CoV-2-positive urine is
less than 1% (Kashi et al., 2020).

3.3. Sensitivity analysis

A sensitivity analysis was performed using the Spearman's rank cor-
relation coefficient. Coefficients and tornado plots can be seen in Fig. S2.
Additionally, a CPS graph (Coefficient/p-value/sample size) (Lin et al.,
2013) was created to determine the impact of the number of Monte
Carlo samplings on significance testing (Figs. S3 and S4). The model
was stable, and the test demonstrated statistical significance within
100 samplings. In both model assessments the primary contributors to
variability were the SARS-CoV-2 GC concentration in stool, followed
by concentrations in saliva, sputum, and urine. Shedding volumes did
not have as strong an impact on the total RNA load. This is expected,
as shedding volume variations are within an order of magnitude,
while SARS-CoV-2 GC concentrations have distributions spanning
many orders of magnitude. Future SARS-CoV-2 variants might produce
varying concentrations in excreta, which could strongly impact model

Science of the Total Environment 806 (2022) 150376

outcomes. For example, a two order of magnitude increase in volume
of saliva shed during a toothbrushing event caused a 9% increase in
the total RNA load in the population model, whereas the same increase
in SARS-CoV-2 GC concentration in saliva causes a 4000% increase in the
total SARS-CoV-2 RNA load. The same increase in sputum production
resulted in a 5% increase in total concentration, and the similarity con-
tinues with the same increase in SARS-CoV-2 GC concentration in spu-
tum causing about a 4500% increase in the final concentration. The
sensitivity analysis results suggest that further model refinement
should entail improved quantification of SARS-CoV-2 load and temporal
variability in bodily fluids.

4. Limitations and implications

The purpose of this study was to examine the contribution of SARS-
CoV-2 shedding pathways to RNA loads in the sewer system for waste-
water surveillance. The model results should not be interpreted as
absolute quantitative values for the SARS-CoV-2 RNA concentrations
found in each of the excreta studied. There is uncertainty on how the
data is reported by all studies included here. Additionally, these studies
neglected to include SARS-CoV-2 variants, and were conducted on
different populations, age, and genders. All of these have an impact on
the quality of the reported data. However, the purpose of this short
paper is not to provide a comprehensive systematic review of current
SARS-CoV-2 RNA shedding data. The data included were considered to
be relevant representatives of the heterogeneity of the current available
data. There is also significant uncertainty and variation in the model
input parameters, especially the distribution of SARS-CoV-2 RNA con-
centrations, the likelihood of shedding RNA via each pathway, and the
volume of excreta produced to the sewer system. The scope of this
paper is limited towards available data, and future models can build
on the framework here with updated inputs that include more specific
and representative data. However, this uncertainty does not preclude
the models’ usefulness to broadly describe the contributions of shed-
ding pathways. Additionally, as infections decrease to single digits
within a community, any shedding route could constitute a major con-
tributor to the RNA load in a sewer system, due to high variability within
and between individuals (Fig. S1).

Ultimately, for building level surveillance where the interest is in
detecting one or a few shedding individuals, the SARS-CoV-2 RNA load
in the sewer system could originate from any single shedding route.
Importantly, this broadens the human behavior relevant to wastewater
surveillance at the building level from defecation to include urination,
mouth rinsing, spitting, or any other pathway that SARS-CoV-2 RNA
could enter the sewer system. A recent publication suggested that
SARS-CoV-2 RNA detection in wastewater from primary and secondary
schools may indicate that students’ bathroom behavior at school could
include defecation (Gutierrez et al., 2021). But the results of the current
analysis might also explain the frequent detection of RNA in wastewater
from schools. The results also suggest that even in settings where defe-
cation is less likely, such as airplanes (Ahmed et al., 2020b), other be-
haviors could lead to the detection of SARS-CoV-2 RNA via wastewater
surveillance. This could greatly expand the application of wastewater
surveillance to detect SARS-CoV-2 infections at the building level.

At the community level, when the emphasis is on surveilling an
aggregation of shedding individuals, the SARS-CoV-2 RNA load is most
likely dominated by stool shedding. This result supports the use of var-
ious fecal-associated markers to normalize SARS-CoV-2 RNA concentra-
tions in municipal wastewater and solids (Graham et al., 2021; Wilder
et al.,, 2021; Wu et al., 2020). However, when the number of infections
within a community decreases, wastewater surveillance at the commu-
nity level may become more comparable to building level surveillance
where non-defecation behaviors such as teeth brushing, mouth rinsing,
and tissue disposal could become large contributors to daily RNA
loading.
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